Although high concentrations of carbon monoxide (CO) are deadly to humans because it binds strongly to hemoglobin, CO is also a biological signaling molecule.^[@ref1]−[@ref3]^ Controlled CO delivery has raised interest because it leads to positive effects on inflammation and wound healing, has a strong cell-protective action, can be used to eradicate microbes, and can relax smooth muscles to lower blood pressure.^[@ref4]−[@ref13]^ However, delivering appropriate local concentrations of CO via respiratory administration is troublesome due to limited solubility of CO in human fluids and unintended systemic side effects.^[@ref4],[@ref8]^ These issues can be circumvented using a photoactive CO-releasing molecule (photoCORM) that releases CO upon light irradiation. The ability to deliver light locally and to tune light dose gives control over CO delivery location, timing, and dosage, while minimizing invasiveness of treatment.^[@ref12]^ Promising organic photoCORMs have been introduced by Wang et al.^[@ref3],[@ref12],[@ref21],[@ref22]^ However, photoCORMs are mostly inorganic coordination compounds, which can release one or more coordinated carbonyl ligands.^[@ref1]−[@ref3],[@ref10],[@ref14]−[@ref22]^ A disadvantage of most known photoCORMs is they can only be activated using ultraviolet or blue light.^[@ref2],[@ref8]^ Light in this region is not only toxic to cells and tissues,^[@ref23],[@ref24]^ but its penetration length through human skin and tissue is limited, typically not more than 1 mm.^[@ref25],[@ref26]^ Ideally, a clinician would better use red to near-infrared (NIR) light (phototherapeutic window: 600--950 nm), where light penetrates up to 10 mm in tissues.^[@ref25]^ Although work has shown molecular design and ligand tuning can shift the activation wavelength of photoCORMs toward the phototherapeutic window, it remains challenging to obtain red light activation.^[@ref2],[@ref10],[@ref11],[@ref14],[@ref20]^ Moreover, many molecules activated at red-shifted wavelengths suffer from diminished CO-release efficiency, because less energy is provided to cleave the metal--carbonyl bond.^[@ref2]^ A strategy, presented by Ford et al., is to use lanthanoid-based upconverting nanoparticles (UCNPs) to upgrade 980 nm light to blue light that can be used to trigger CO release.^[@ref2],[@ref15]^ However, UCNPs require high excitation power (\>1 W) to deliver clinically relevant doses of blue light, which limits applicability.^[@ref27],[@ref28]^

We discovered an approach to achieve CO-release with long-wavelength light at low power ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), which consists of sensitizing the reactive triplet states of a classical photoCORM (i.e., Mn~2~(CO)~10~)^[@ref1]^ by using a triplet-state photosensitizer (palladium(II) tetraphenyltetrabenzoporphyrin; **PS**). In this scheme, **PS** absorbs a red photon to reach a singlet excited state that undergoes fast intersystem crossing to a long-lived triplet state (250 μs in deoxygenated DMF).^[@ref29]^ The lifetime of this triplet state is long enough to allow collisions to occur with Mn~2~(CO)~10~, transferring the triplet energy to the photoCORM. In its different triplet excited states, the photoCORM has electrons in anti bonding Mn-Mn or Mn-carbonyl bonds, which leads to Mn-Mn and Mn-CO bond dissociation, ultimately releasing CO.^[@ref30]^ This approach was proposed by Vogler in 1970^[@ref31]^ and Fox et al. in 1982^[@ref32]^ using blue light absorbing photosensitizers, with the underlying hypothesis higher wavelength absorbing photosensitizers would not have enough energy in their triplet state to sensitize the triplet state of a CO-releasing molecule. We report this hypothesis was not correct, and CO release by Mn~2~(CO)~10~ can be sensitized using the red light absorbing sensitizer **PS**.

![Triplet sensitization of Mn~2~(CO)~10~ with photosensitizer (**PS**), to achieve CO release using red light (635 nm, left side). Photochemical CO release can also be triggered with near-UV light excitation (405 nm, right side).](ja-2017-07427y_0001){#fig1}

To follow photochemical release of CO in solution, **PS** and Mn~2~(CO)~10~ were dissolved in dimethylacetamide (DMA) and irradiated with red light (635 nm laser). The reaction was monitored via UV--vis absorption spectroscopy, direct detection of CO with a portable sensor, or liquid-phase infrared (IR) spectroscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The high-boiling point and weakly coordinating solvent DMA was chosen to avoid incompatibility of CO sensor with volatile organic solvents, and substitution of CO by solvent molecules. The UV--vis absorption spectrum before irradiation featured the superposition of the absorption of Mn~2~(CO)~10~ at 340 nm, originating from σ→σ\* and d~π~→σ\* transitions in the Mn--Mn bond,^[@ref30],[@ref33]^ and the Soret and Q-bands of **PS** at 440 and 625 nm, respectively ([Figures S4 and S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). Within 30 min of red light irradiation, absorption at 340 nm disappeared, indicating homolysis of the Mn--Mn bond and the concomitant formation of short-lived Mn(CO)~5~· radicals.^[@ref33]^ Considering stoichiometry of the reaction (10 μM **PS** and 100 μM Mn~2~(CO)~10~), it is photocatalytic. When **PS** was omitted and Mn~2~(CO)~10~ was irradiated with near-UV light (405 nm), the same evolution was observed ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). In absence of **PS**, no spectral evolution was observed for Mn~2~(CO)~10~ under red light irradiation ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). Thus, direct irradiation of Mn~2~(CO)~10~ with near-UV light and irradiation of a mixture of **PS** and Mn~2~(CO)~10~ with red light both led to photochemical breakage of the Mn--Mn bond.

![Photochemical release of CO using 635 nm light (150 mW) in a mixture of **PS** and Mn~2~(CO)~10~ in DMA. (a) Evolution of UV--vis absorption spectra in 1 min intervals during irradiation of a 3 mL solution (\[**PS**\] = 10 μM, \[Mn~2~(CO)~10~\] = 100 μM). Inset: evolution of separate absorption bands at 340 nm (α, black), 440 nm (β, blue), and 628 nm (red, γ). (b) CO release vs time during irradiation of a 1 mL DMA solution in a closed desiccator setup. Black: mixture of **PS** (20 μM) and Mn~2~(CO)~10~ (1.0 mM). Red: only Mn~2~(CO)~10~. Blue: only **PS**. (c) Phosphorescence of **PS** (10 μM, λ~exc~ = 635 nm) at different concentrations of Mn~2~(CO)~10~ in deoxygenated DMA. Inset: Stern--Volmer plot of data with a straight-line fit (slope = 2900 M^--1^, *r*^2^ = 0.997). (d) Evolution of liquid-phase IR-spectra during irradiation of a 1 mL DMA solution (\[**PS**\] = 200 μM, \[Mn~2~(CO)~10~\] = 10.0 mM). Spectra recorded every 3 min for the first 75 min, then every 15 min.](ja-2017-07427y_0002){#fig2}

To prove CO release during this photochemical reaction, a portable CO-sensor was embedded in a closed desiccator setup equipped with an optical fiber ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). During 60 min of red light irradiation (635 nm, 150 mW) of a 1 mL solution of DMA containing 20 μM **PS** and 1.0 mM Mn~2~(CO)~10~, 195 ± 13 ppm of CO was reproducibly released in the desiccator ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)), which corresponded on the one hand to 5.3 molecules of CO per molecule of Mn~2~(CO)~10~, and on the other hand to an initial overall CO release quantum yield of 0.6% ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). Approximately the same amount of CO was released when a solution containing only Mn~2~(CO)~10~ was irradiated with near-UV light (405 nm, [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)), with 24% overall quantum yield. Furthermore, control experiments in which only Mn~2~(CO)~10~ or only **PS** was irradiated with red light did not result in CO-release ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), and only slow release of CO was detected in the dark ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). Thus, these data present evidence CO is released after Mn--Mn homolysis using red light and **PS**.

To determine whether all carbonyls were released, photochemical reaction was followed by liquid-phase IR-spectroscopy using a silicon half-sphere attenuated total reflection (ATR) probe, on top of which photoreaction was carried out at 10-fold higher concentration ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). This method made use of CO-stretch modes of Mn~2~(CO)~10~ in an otherwise vibrationally silent window between 1850 and 2200 cm^--1^. Within the first 30 min of irradiation, the three characteristic CO-stretches of Mn~2~(CO)~10~ at 2046, 2007, and 1983 cm^--1^ disappeared. Meanwhile, two new bands appeared at 2022 and 1908 cm^--1^, which disappeared again in time. After 2 h of irradiation, the spectrum was flat, indicating loss of all ten carbonyls. An identical spectral evolution was observed when **PS** was omitted and Mn~2~(CO)~10~ was irradiated with near-UV light (405 nm, [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). For both reactions, a brown precipitate indicated formation of MnO~2~.^[@ref34]^ As only 5.3 CO were detected per molecule of Mn~2~(CO)~10~, some processes must exist that produce disappearance of carbonyls without release of free CO. A recent report^[@ref35]^ indicated O~2~ may be involved, leading to release of CO~2~. These data demonstrate direct excitation of Mn~2~(CO)~10~ with near-UV light and excitation of **PS** with red light in a mixture of **PS** and Mn~2~(CO)~10~, leading to a reaction pathway in which all ten carbonyl ligands are released and MnO~2~ is formed.

CO-release from the photoCORM upon irradiation of **PS** is only conceivable when energy is intermolecularly transferred from the excited state of **PS** to Mn~2~(CO)~10~ upon diffusional collision. Because ^1^**PS**\* populates triplet state (^3^**PS**\*) within 6 ps after excitation,^[@ref36]^ spin conservation dictates energy transfer must lead to a triplet state in the energy acceptor. To obtain evidence for a triplet energy transfer mechanism, phosphorescence of **PS** was measured under deoxygenated conditions as a function of concentration of Mn~2~(CO)~10~ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Phosphorescence intensity of **PS** at 800 nm (*I*) decreased with increasing concentrations of Mn~2~(CO)~10~, and a linear fit of *I*~o~/*I* versus \[Mn~2~(CO)~10~\] resulted in a Stern--Volmer quenching constant (*K*~SV~) of 2900 M^--1^. These data confirmed triplet excited state of **PS** is quenched by Mn~2~(CO)~10~. Considering unquenched lifetime (τ~0~) of ^3^**PS**\* in DMF is 250 μs,^[@ref29]^ the quenching rate (*k*~q~) was 1.2 × 10^7^ M^--1^ s^--1^, lower than the diffusion-limited quenching rate in DMA (∼10^10^ M^--1^ s^--1^).^[@ref37]^ This shows only few collisions between ^3^**PS**\* and Mn~2~(CO)~10~ result in energy transfer, which may be the result of misalignment of the triplet-state energies. However, we also observed quenching of **PS** emission increased with red light exposure duration ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). This indicates the reaction intermediate(s) are better energy acceptor(s) than Mn~2~(CO)~10~, which may in turn lead to additional CO-release. To the best of our knowledge, low-lying triplet states of Mn~2~(CO)~10~ around 1.5 eV (i.e., 800 nm) have never been reported and are neither absorbing nor emitting. It is known that Mn~2~(CO)~10~ triplet states are strongly dissociative,^[@ref30]^ and therefore their energy cannot be calculated easily. However, we note energy required to break the Mn--Mn bond, which was reported between 0.8 and 1.8 eV depending on the author,^[@ref30]^ is close to the triplet-state energy of **PS** (1.5 eV), so the energy transfer is in principle thermodynamically allowed. Our results support a diffusional quenching model in which the triplet excited-state energy of **PS** is transferred to Mn~2~(CO)~10~ upon collision ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Compared to direct excitation of the UV band of Mn~2~(CO)~10~, this method represents a red-shifting of the activation wavelength by more than 1.1 eV.

Because triplet-based reactions are highly oxygen-sensitive,^[@ref38],[@ref39]^ UV--vis absorption and CO-release experiments were repeated under deoxygenated conditions (30 min N~2~ bubbling). The UV--vis absorption band at 340 nm disappeared much quicker, i.e., within 5 min ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). This result can be interpreted by the fact the lifetime of **PS** is longer in absence of oxygen, leading to a higher quantum yield for energy transfer to Mn~2~(CO)~10~. In contrast, slower CO-release was observed under deoxygenated conditions ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)): about 2 h of irradiation was necessary to release all carbonyl ligands. This is in agreement with the fact oxygen is necessary to oxidize Mn(0) in the intermediate reaction products (e.g., Mn(CO)~5~·) to release all carbonyls and form Mn(II/IV) oxides.^[@ref34]^ Because N~2~ bubbling in a solution never fully removes all traces of O~2~, the reaction proceeded until completion. These data describe a double role for oxygen in this photoreaction: on the one hand, O~2~ competes with energy transfer; on the other hand, it is necessary for CO-release.

PhotoCORMs have potential as phototherapeutic compounds, but they should be immobilized in a carrier material to prevent release of potentially toxic metal fragments. Further, to facilitate diffusion-dependent triplet energy transfer, it is imperative **PS** and Mn~2~(CO)~10~ are mobile and in close proximity to each other. Electrospun nonwoven fabrics are attractive for phototherapeutic devices because they are easy to prepare, flexible, have high photoCORM loading capacity, and their high surface area allows quick photorelease of CO.^[@ref16],[@ref34],[@ref40]^ Thus, **PS** and Mn~2~(CO)~10~ were embedded in elastic nonwoven polymer fabrics using electrospinning of polycaprolactone (PCL, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). The resulting green-colored fabric (**PCL-Mn-PS**, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) was soft to the touch, flexible, and easy to cut and handle ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Control samples were made that contained only Mn~2~(CO)~10~ (**PCL-Mn)**, only **PS** (**PCL-PS**), or neither (**PCL**). Optical microscopy and scanning electron microscopy (SEM) images confirmed fabrics consisted of randomly oriented fibers of 1--10 μm diameter with a smooth surface ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, [Figures S19--S24](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). The solid-state emission spectrum of the fibers was recorded for **PCL-PS** and **PCL-Mn-PS** under 635 nm excitation, both showing the typical emission spectrum of **PS** at 800 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). Notably, the emission spectrum of **PCL-Mn-PS** was significantly less intense, at the same **PS** concentration, than that of **PCL-PS**. This is evidence the polymer matrix supports energy transfer from ^3^**PS**\* to Mn~2~(CO)~10~.

![Synthesis and characterization of nonwoven fabric **PCL-Mn-PS**. (a) Schematic representation of electrospinning process. (1) syringe pump, (2) feed nozzle, (3) electrospun fiber, (4) collector plate, and (5) high voltage generator. (b) Photograph of **PCL-Mn-PS**. (c) SEM micrographs of **PCL-Mn-PS**. (d) Solid-state emission spectra of **PCL-Mn-PS** (red) and **PCL-PS** (black). Error bars represent standard deviation (*N* = 3).](ja-2017-07427y_0003){#fig3}

To measure light-triggered CO-release from nonwoven fabrics, an adapted closed desiccator setup was used in which fabrics were carefully wrapped around the spherical diffuser tip of a medical-grade optical fiber, and irradiated in air with either 1.9 mW 405 nm or 36 mW 635 nm light ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).^[@ref16],[@ref34]^ Upon irradiation of **PCL-Mn** with near-UV light, rapid and reproducible CO-release was detected ([Figure S26](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)), which demonstrates the host material allows immediate escape of CO. Light-induced browning of the material indicated formation of MnO~2~ ([Figure S27](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)).^[@ref34]^ Then, red light induced CO-release was investigated with sample **PCL-Mn-PS** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Rapid release of CO was observed, whereas red light irradiation of control samples **PCL-PS** and **PCL-Mn** resulted in no significant CO-release. Thus, both molecular compounds are needed for CO-release, like in solution ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Interestingly, after irradiation **PCL-PS** had bleached where it had been irradiated, i.e., it had turned white, whereas **PCL-Mn-PS** had browned, indicating MnO~2~ formation ([Figure S28](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)).^[@ref34]^ This result is in agreement with the observation that the emission of **PS** in **PCL-Mn-PS** was more stable than that of **PS** in **PCL-PS** ([Figure S29](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)), indicating greater photochemical stability of the sensitizer in the presence of the photoCORM acceptor. Meanwhile, SEM images of irradiated and nonirradiated parts of the sample showed no morphological changes due to irradiation ([Figures S30 and S31](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). Our results confirmed **PCL-Mn-PS** released carbon monoxide upon red light irradiation via a triplet-sensitization mechanism.

![CO-release from nonwoven fabrics using red light (635 nm) in closed setup (a, details in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). The fabric (**PCL-Mn-PS**) is wrapped around the spherical diffuser tip. (b) Averaged CO-release as a function of red light irradiation time (36 mW) for samples **PCL-Mn-PS** (black), **PCL-Mn** (blue), and **PCL-PS** (red). Error bars represent standard deviation over 3 identical experiments. (c) CO-release from **PCL-Mn-PS** using red light irradition at 36 mW (black), 25 mW (red), 13 mW (purple), and 3 mW (blue). (d) Red light irradiation of **PCL-Mn-PS** for 5 min intervals (gray), followed by 10 min darkness intervals (white).](ja-2017-07427y_0004){#fig4}

The CO-release rate from **PCL-Mn-PS** could be tuned by varying irradiation intensity from 13 to 25 to 36 mW, which shows photorelease could be stimulated with lower light intensity. Higher intensity light caused melting of the polymer (*T*~melt~ = 60 °C). Furthermore, when red light irradiation was switched on and off (5 min irradiation, 10 min dark), CO-release from the nonwoven material was triggered "on-demand" ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d), whereas in solution the mixture was less responsive ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf)). Finally, the fabrics needed to be stored refrigerated and used within 10 days to prevent slow decomposition, probably of Mn~2~(CO)~10~. Using more stable photoCORMs would solve these issues for future developments.

In conclusion, we showed how CO-release from Mn~2~(CO)~10~ could be sensitized under red light irradiation by mixing it with a commercially available photosensitizer (**PS**). Although very simple, this approach shifts the photorelease of CO from near-UV to the phototherapeutic window (635 nm), which represents a dramatic improvement over existing strategies. Photosensitization works not only in solution but also in solid-state nonwoven fabrics. Critically, CO release is obtained using low-intensity red light (≤36 mW) and in air, in contrast to upconversion-based methods.^[@ref15],[@ref38],[@ref39]^ These findings open a new door to making potential devices for phototherapeutic CO delivery, for example for fabrication of red light responsive CO-releasing antibacterial or wound-healing bandages.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.7b07427](http://pubs.acs.org/doi/abs/10.1021/jacs.7b07427).Experimental details ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07427/suppl_file/ja7b07427_si_001.pdf))
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